Ballistic pressure pulse sources are used for the treatment of soft tissue pain. The devices use a technical principle, which is known from air guns, i.e. a projectile is accelerated by pressurized air towards a metal plate (applicator). At the patient side, a fast (4..5µs), almost singular pressure pulse of 2..10 MPa is created, which is followed by an equally short rarefaction phase of about the same amplitude. In order to characterize the pressure pulse devices, a "dry" test bench was built mimicking the properties of the patient skin by a silicone layer. Comparison of measurements in water and with the silicone layer demonstrated, that the pressure pulses could be reproduced almost identical in both situations. At present, 4 different hand pieces were evaluated using the "dry" test bench. The behaviour of the hand pieces when the pulse repeat rate was changed from single pulse to maximum rate (20..21 per second) was assessed. It turned out, that the pulse amplitudes and intensities depend strongly on the type of hand piece, and on the driving pressure. A decrease of peak pressure down to 63% was found at a pulse rate of 20 Hz as compared to single pulse amplitude at the same driving pressure. Further measurements show, that a strongly damped, low amplitude inertial oscillation of ca. 10 ms period follows after each pressure pulse.
Introduction
Ballistic pressure pulse sources are used for the extracorporeal treatment of soft tissue pain situations in e.g. the shoulder, the heel spur or the tennis elbow and for trigger point therapy.
The first use of these pressure pulses was described in 1999, after the successful use of focused pressure pulses was evaluated clinically since 1993, initially using lithotripter-like electrohydraulic, electromagnetic or piezoelectric sources [1, 2] . The patients receive ca. 3 -5 treatments of 10-20 minutes duration with some 1000 pulses. The pulses are applied by a manually guided hand piece, targeting is done by asking the patient to direct the pulses to the point of maximum pain.
Principle of ballistic pressure pulse sources
The pressure pulse sources use pressurized air to drive a cylindrical metal projectile (typ. mass 3g) guided in a tube of ca. 20 cm length onto the rear surface of a circular cylindrical rod or cone waveguide ("applicator", mass ca. 30g, image 1). The patient side surface of the waveguide can be a flat, concave or convex shaped piston with a diameter of 15 mm (6 mm … 36 mm). When the waveguide is hit by the projectile, a pulsed compression wave travels through the material and is transferred at the adjacent side into the patient via a coupling gel. This pulse has a duration of ca. 4 Microseconds and can be adjusted to an amplitude of ca. 3 to 10 MPa. Depending on the shape of the applicator, some smaller pulses may occur, which are generated by reflections of the stress waves inside the applicator.
After the rapid compression pulse (and its reflections), a slower inertial motion of the applicator due to the impulse impact of the projectile occurs. It has some 5 ms duration and is damped by elastic rings, which reduce the excursion of the applicator to minimal distances (<1mm). The components of the pressure pulse source are composed in a "hand piece" (Image 2), which is manually guided by the doctor during treatment.
Aims of the project
1. Development of a robust, water-free ("dry"), repeatable method for easy hand piece measurements in the hospital and practice, and for quality control in service and production 2. Comparison of the "dry" pressure pulse measurement results with free field (water) measurements 3. Evaluation of the performance of different applicators and devices, e.g. with varying driving pressure, pulse repeat rate, and shape of the applicators mV/MPa at 0,6% linearity up to 5000 mV = 34 MPa) was used. As this transducer is calibrated by static force, the pressure values are doubled during reflection of the pulses at the transducer surface (steel, r = 0,93) when the transducer is oriented towards the source. Therefore the pressure and pulse intensity integral values were corrected accordingly to free field conditions. The pulse parameters, in particular the pulse intensity integral PII+ (Also termed ED+) was evaluated according to IEC 61846 [6] [1] by integrating over the positive pulse portion.
Water-free "dry" test bench
A "dry" test bench (Image 2) was developed with the aim to allow for rapid assessment of hand pieces. It should support measurements in the hospital, in service, quality control and production. In order to avoid the handling under water, including possible interference from cavitation, the applicator is coupled via a 5 mm silicon layer (Bauhaus, Sanitärsilikon) to a pressure transducer (PCB ICP series with signal conditioner or the HGL200 probe). The sensor is fixed inside a POM block. No further coupling means (e.g. gel) were necessary because of the sticky nature of the silicon. As the transducer and the applicator form a kind of closed cavity, multiple reflections between their surfaces. These are visible in the "dry" pressure-time curves at regular intervals of 8,82µs (Which equals c = 1134 m/s of the used silicone). The hand pieces are attached to a low friction slide (Edmund Scientifics) by clamps. At their rear, an adjustable spring is used to maintain the hand piece in place with a force comparable to manual pressure in the clinical situation. The slide enables unobstructed axial motion of the hand piece, which is caused by the backstroke of each pulse. Preliminary tests demonstrated, that this arrangement guaranteed reproducible pressure signals, when the spring force was varied by a factor of >2 and hand pieces or the pressure probes were mounted several times.
Image 2: Dry test bench with hand piece mounted on the slide. The sensor is fixed inside the left POM block.
Results

Pressure signals
Measurements in water were used to generate reference signals for the comparison with the signals in silicon. Image 3 shows the good match between measurements with the ONDA probe in water and in the dry test bench.
Image 3:
ONDA pressure signals at 5 mm distance in water (blue, slim line), and in silicone (green), 15mm applicator, hand piece #-2 at 4 Bar
The shape of the applicators determines the instantaneous pressure curves (Image 4).
Image 4:
Pressure curve shapes in water at 5 mm distance from 15mm applicators, hand piece #-2 (red) and #-4 (blue, slim line), 2 Bar driving pressure
Comparison of pressure probes
For quality and field measurements with the "dry" test bench, a robust pressure probe is necessary. Therefore the ONDA hydrophone and the rigid PCB probe were compared (Images 5, 6). 
Dependence of pressure on pulse repeat rate
As the driving process for the pressure pulse generation is based on the acceleration of a projectile, which may be subject to friction, by air pressure, which requires precise control of valves, it is of interest if the pressure amplitude and pulse intensities remain constant when changing the pulse repeat rate. When the first pulses are released at rates higher than ca. 2 Hz, the systems have a high variation of output, which stabilizes after ca. 10..20 pulses (Image 7). Measurements were made with the ICP probe in the "dry" test bench. It was noted, that during the stabilization process, the average pulse pressures and pulse intensities tended to drop with increasing pulse repeat frequency (Image 8, 9), but the behavior depended on the driving pressure and on the mechanical construction of the hand piece.
Image 8: With increasing pulse repeat rate the peak pressures and the pulse intensities change significantly. The behavior depends on the hand piece layout, but also on the driving pressure (Red triangles: hand piece #-2, blue: #-4)
Inertial pulse measurement
Due to the mechanical impulse and energy transfer from the projectile to the applicator, the applicator is accelerated towards the patient after the impact of the projectile. This inertial motion is damped by an elastic ring between the applicator and the hand piece, which can be seen in image 1 (left). Due to the elasticity of this ring, the maximum excursion of the applicator is limited, such that the risk of damaging the patient's skin is minimized. Nevertheless, this inertial motion also results in a measurable pressure signal. In order to pick up this inertial pulse, the time scale of the pressure recording was increased by a factor of 4000 to 20 ms/scale. The signal was about 40 dB less than the fast pressure pulses. Additionally, a Butterworth type low pass filter at 3 kHz was used to remove noise. The filter did not influence the inertial motion signal. The resulting signal shows a very short peak, which represents the 4µs compression pulse, followed by a strongly damped oscillation with a periodicity of ca. 10 ms, which decays after 2..4 cycles (Image 10). While the damping of this oscillation could be slightly influenced by the force of the hand piece against the silicon, the periodicity remained constant. The maximum positive amplitude of this oscillation was 116 kPa at 4 Bar driving pressure.
Image 10: After the 4 µs pressure pulse, inertia of the applicator creates a slow, damped oscillation with ca. 10 ms periodicity. The image shows 2 inertial signals taken with different forces of the holding spring, hand piece #-2, using the ICP pressure sensor in the silicone test bench
Discussion
The results of the measurements demonstrate clearly, that the simple "dry" test bench is a practical and quick solution for the characterization of ballistic pressure pulse devices. At the given pulse shapes and peak pressures, both pressure-time curves and the behavior of the hand pieces when changing parameters like the pulse repeat rate can be measured with the same accuracy as in water. An additional advantage of the dry test bench is that cavitation, which may interfere with the measurements, is avoided, although the negative pressure amplitude reaches the same levels as in water. Therefore, the parameters of pulses at higher repeat rates (e.g. 2 to >20 Hz) can be studied with high reliability. Measuring at such high rates in water would mostly lead to the buildup of cavitation clouds and such deteriorate the measurement results. For quality test purposes, a rigid ICP sensor was tested. Although the pulse shape suffers from a low pass characteristics of the sensor, images 5 and 6 show that positive pressure amplitudes and the pulse intensity integral values ED+ over the positive signal portion are in good agreement to the values measured in water and in silicone with a precision hydrophone [3] . In contrast, the negative pressure portions are obviously limited by the probe and cannot be used to describe the rarefaction parts of the signals.
Image 9: With increasing pulse repeat rate the peak pressures change significantly. The behavior depends on the hand pieces (green right bars: #-2, brown left bars: #-4, ICP probe)
Image 4 demonstrates, that the pressure-time curves of different types of applicators show significant differences. The detail structure of the pressure pulses depend on the geometry of the applicators. The applicator with an almost equal front and anterior area (Image 1) seems to support more internal reflections of the signal, which leads to a double positive peak.
Although it is not established, that these fine details make a difference in treatment results, they should be studied further. Another biomedically interesting issue might be the inertial behavior of the applicators, in particular when comparing medical results of focused and ballistic ESWT devices.
